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ABSTRACT
We present high-quality spectroscopic observations of the two most-metal deficient
blue compact galaxies known, I Zw 18 and SBS 0335–052. We use the data to determine
the heavy element and helium abundances. The oxygen abundances in the NW and the
SE components of I Zw 18 are found to be the same within the errors, 7.17±0.03 and
1The observations reported here were obtained at the Multiple Mirror Telescope Observatory, a joint facility of the Smithsonian Institution
and the University of Arizona, and at the W.M. Keck Observatory, which is operated as a scientific partnership among the California
Institute of Technology, the University of California and the National Aeronautics and Space Administration. The Observatory was
made possible by the generous financial support of the W.M. Keck Foundation.
2Visiting astronomer, National Optical Astronomical Observatories.
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7.18±0.03 respectively, although marginally statistically significant spatial variations
of oxygen abundance might be present. In contrast, we find a statistically significant
gradient of oxygen abundance in SBS 0335–052. The largest oxygen abundance, 12 +
log O/H = 7.338±0.012, is found in the region 0.′′6 to the NE of the brightest part of the
galaxy, and it decreases toward the SW to values of ∼ 7.2, comparable to that in I Zw
18. The underlying stellar absorption strongly influences the observed intensities of He
I emission lines in the brightest NW component of I Zw 18, and hence this component
should not be used for primordial He abundance determination. The effect of underlying
stellar absorption, though present, is much smaller in the SE component. Assuming all
systematic uncertainties are negligible, the He mass fraction Y = 0.243±0.007 derived
in this component is in excellent agreement with recent measurements by Izotov &
Thuan, suggesting the robustness of the technique applied in measurements of the helium
abundance in low-metallicity blue compact galaxies.
The high signal-to-noise ratio spectrum (≥ 100 in the continuum) of SBS 0335–052
allows us to measure the helium mass fraction with a precision better than 2% – 5% in
nine different regions along the slit. We show that, while underlying stellar absorption
in SBS 0335–052 is important only for the He I λ4471 emission line, other mechanisms
such as collisional and fluorescent enhancements are influencing the intensities of all He
I emission lines and should be properly taken into account. When the electron number
density derived from [S II] emission lines is used in SBS 0335–052, the correction of He
I emission lines for collisional enhancement leads to systematically different He mass
fractions for different He I emission lines. This unphysical result implies that the use
of the electron number density derived from [S II] emission lines, being characteristic of
the S+ zone, but not of the He+ zone, will lead to an incorrect inferred value of Y . In
the case of SBS 0335–052 it leads to a significant underestimate of the He mass fraction.
In contrast, the self-consistent method using the five strongest He I emission lines in
the optical spectrum for correction for collisional and fluorescent enhancements shows
excellent agreement of the He mass fraction derived from the He I λ5876 and He I λ6678
emission lines in all 9 regions of SBS 0335–052 used for the He abundance determination.
Assuming all systematic uncertainties are negligible, the weighted mean He mass
fraction in SBS 0335–052 is Y = 0.2437±0.0014 when the three He I λ4471, λ5876 and
λ6678 emission lines are used, and is 0.2463±0.0015 when the He I λ4471 emission line
is excluded. These values are in very good agreement with recent measurements of the
He mass fraction in SBS 0335–052 by Izotov and coworkers. The weighted mean he-
lium mass fraction in the two most metal-deficient BCGs I Zw 18 and SBS 0335–052,
Y=0.2462±0.0015, after correction for the stellar He production results in a primordial
He mass fraction Yp = 0.2452±0.0015. The derived Yp leads to a baryon-to-photon ratio
of (4.7+1.0
−0.8)×10
−10 and to a baryon mass fraction in the Universe Ωbh
2
50 = 0.068
+0.015
−0.012,
consistent with the values derived from the primordial D and 7Li abundances, and sup-
porting the standard big bang nucleosynthesis theory. For the most consistent set of
primordial D, 4He, and 7Li abundances we derive an equivalent number of light neutrino
species Nν = 3.0±0.3 (2σ).
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1. INTRODUCTION
Blue compact galaxies (BCGs) are ideal objects
for the determination of the primordial helium abun-
dance and hence of one of the fundamental cosmo-
logical parameters – the baryon mass fraction in the
Universe. In the standard big bang model of nucle-
osynthesis (SBBN), light isotopes D, 3He, 4He and
7Li were produced by nuclear reactions a few seconds
after the birth of the Universe. Given the number of
light neutrino species Nν = 3 and the neutron life-
time, the abundances of these light elements depend
on one cosmological parameter only, the baryon-to-
photon ratio η, which in turn is directly related to the
density of ordinary baryonic matter Ωb (Walker et al.
1991; Copi, Schramm & Turner 1995; Sarkar 1996).
The precise value of the primordial 4He abundance
can be used to put a stringent limit on the number
of light neutrino species Nν (Steigman, Schramm, &
Gunn 1977; Burles et al. 1999; Lisi, Sarkar & Villante
1999).
The primordial helium mass fraction Yp of
4He
is usually derived by extrapolating the Y – O/H
and Y – N/H correlations to O/H = N/H = 0, as
proposed originally by Peimbert & Torres-Peimbert
(1974, 1976) and Pagel, Terlevich & Melnick (1986).
Many attempts at determining Yp have been made,
using these correlations on various samples of dwarf
irregular and BCGs (see references in Pagel et al.
(1992), Izotov, Thuan & Lipovetsky (1994, 1997,
hereafter ITL94 and ITL97)) and Izotov & Thuan
(1998ab). These dwarf systems are the least chem-
ically evolved galaxies known, so they contain very
little helium manufactured by stars after the big bang.
Because the big bang production of 4He is relatively
insensitive to the density of matter, the primordial
abundance of 4He needs to be determined to a very
high precision (better than few percent) in order to
put useful constraints on Ωb. This precision can be
achieved with very high signal-to-noise ratio optical
spectra of BCGs. These BCGs are undergoing intense
bursts of star formation, giving birth to high excita-
tion supergiant H II regions and allowing an accurate
determination of the helium abundance in the ionized
gas through the BCG’s emission-line spectrum.
Recent conflicting Yp determinations have been
made by two main groups using large samples of
BCGs. One group (ITL94, ITL97, Izotov & Thuan
1998a) finds Yp ∼ 0.245 while the other (Olive &
Steigman 1995; Olive, Skillman & Steigman 1997,
hereafter OSS97) finds consistently lower values, with
Yp in the 0.230 – 0.234 range. There are several possi-
ble sources of systematic effects which could account
for this disagreement. Some of these arise from the
differing quality of data and different methods used
for the He abundance determination. ITL94, ITL97
and Izotov & Thuan (1998a) used new high signal-
to-noise spectroscopic observations of BCGs reduced
in a homogeneous way. They have applied a self-
consistent method to correct He I emission line inten-
sities for several effects (collisional and fluorescent en-
hancement, underlying stellar absorption) which lead
to deviation from values predicted by recombination
theory. The main assumptions of this technique are
the correctness of input atomic data for He I tran-
sitions and the requirement that, in low-density su-
pergiant H II regions, the intensity ratios of all He I
emission lines after correction must be best fitted by
recombination values. The use of several He I lines
allows one to discriminate between collisional and flu-
orescent enhancements which change line intensities
in different ways. It also allows one to estimate the
importance of underlying stellar absorption in each
galaxy and to improve the precision of Yp determina-
tion due to the use of several lines. The details of this
approach are discussed by ITL97 and Izotov & Thuan
(1998a).
On the other hand, Olive & Steigman (1995) and
OSS97 use a more heterogeneous sample of BCGs ob-
served by different observers on different telescopes.
Some of these data were obtained many years ago
with non-linear detectors. Therefore, these galaxies
should be reobserved, especially those with the low-
est metallicities. The approach of OSS97 is based
mainly on He mass fractions derived from the single
He I λ6678 emission line and correction is made only
for collisional enhancement using the electron num-
ber density derived from the [S II]λ6717/λ6731 emis-
sion line ratio. This approach has several shortcom-
ings. First, one cannot discriminate between different
mechanisms of He I emission lines enhancement when
a single He I emission line is used. For instance, flu-
orescent enhancement is neglected, while it might be
present. Second, at low electron number densities the
determination of Ne from [S II] emission lines is very
uncertain and in the majority of cases Ne is arbitrar-
ily set equal to the upper limit of 100 cm−3. This
assumption leads to lower 4He abundance in the SE
component of I Zw 18 (Izotov & Thuan 1998b) be-
cause the true electron number density in this H II
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region is lower. More importantly, the use of Ne de-
rived from [S II] emission lines is physically unreason-
able because the S+ and He+ regions are not expected
to be coincident due to the large difference in S and
He ionization potentials. In some cases this assump-
tion leads to an incorrect result. For instance, in the
dense and hot H II region of SBS 0335–052 the use of
Ne(S II) results in a systematic underestimate of the
helium mass fraction by 5 – 10%.
Because of its nearly primordial nature, many de-
terminations of the helium abundance have been car-
ried out for I Zw 18. Most recently, Pagel et al.
(1992), Skillman & Kennicutt (1993, hereafter SK93)
and ITL97 have derived a very low helium mass frac-
tion for the NW component of I Zw 18: Y = 0.228–
0.231. ITL97 have attributed this abnormally low
Y to underlying stellar absorption affecting all He I
lines in I Zw 18. They cite as evidence the implausi-
bly small Y ≤ 0.200 derived from the He I λ4471 line
in I Zw 18, which is comparatively more affected by
stellar absorption than the He I λ6678 line because
of its relatively lower equivalent width. Although the
He I λ5876 line in the NW component of I Zw 18 is
stronger than the He I λ6678 line, its intensity is af-
fected by Galactic interstellar sodium absorption and
therefore cannot be used for 4He abundance determi-
nation. The value of Y derived from the He I λ6678
emission line without correction for underlying stel-
lar absorption is thus underestimated by at least 5%.
In contrast, Izotov & Thuan (1998b) have derived a
helium mass fraction Y in the SE component of I
Zw 18 of 0.242±0.009, higher than the value Y =
0.230±0.009 derived by SK93 and Y = 0.231±0.010
by Pagel et al. (1992) for the same component. They
argued that this value should be adopted for Yp. Re-
cently Vi´lchez & Iglesias-Pa´ramo (1998) have derived
a mean value Y = 0.242±0.010 in I Zw 18 when the
central knots are excluded, confirming the high Y
value. As for SBS 0335–052, Izotov et al. (1997a) and
Izotov & Thuan (1998a) have found Y = 0.245±0.006
and 0.249±0.004, respectively. Izotov et al. (1997a)
note that underlying stellar absorption in SBS 0335–
052 plays minor role. However, unlike I Zw 18, flu-
orescent enhancement is important in SBS 0335–052
and should be taken into account.
One of the important questions is how robust are
measurements of the He abundance in BCGs. We dis-
cuss this problem using new high signal-to-noise ratio
observations of the two most metal-deficient BCGs
known, I Zw 18 and SBS 0335–052. Our main motiva-
tion for the current study is to derive the helium mass
fraction Y in these extremely metal-deficient BCGs
with better precision and to compare with results ob-
tained in previous papers. This comparison allows us
to analyze the systematic effects introduced by dif-
ferent methods of He abundance determination. Be-
cause these galaxies have very low oxygen abundances
(Z⊙/50 and Z⊙/40 in I Zw 18 and SBS 0335–052 re-
spectively) the helium mass fraction in these galaxies
should be very close to Yp which we derive here as
the mean of the Y s in the two galaxies, after a small
correction for stellar helium production. The obser-
vations and data reduction are described in §2. In
§3 we discuss the heavy element abundances in I Zw
18 and SBS 0335–052. We derive Yp and the baryon
mass fraction Ωb and place constraints on the number
of light neutrinos in §4. The results are summarized
in §5.
2. OBSERVATIONS AND DATA REDUC-
TION
Spectrophotometric observations of I Zw 18 were
obtained with the Multiple Mirror Telescope (MMT)
on the nights of 1997 April 29 and 30. Observations
were made with the blue channel of the MMT spec-
trograph using a highly optimized Loral 3072×1024
CCD detector. A 1.′′5×180′′ slit was used along with
a 300 groove mm−1 grating in first order and an L-
38 second-order blocking filter. This yields a spatial
scale along the slit of 0.′′3 pixel−1, a scale perpendicu-
lar to the slit of 1.9A˚ pixel−1, a spectral range of 3600
– 7500A˚, and a spectral resolution of ∼ 7A˚ (FWHM).
For these observations, CCD rows were binned by a
factor of 2, yielding a final sampling of 0.′′6 pixel−1.
The observations cover the full spectral range in a
single frame that contains all the lines of interest and
have sufficient spectral resolution to distinguish be-
tween narrow nebular and broad WR emission lines.
The total exposure time was 180 minutes and was bro-
ken up into six sub-exposures of 30 minutes each. All
exposures were taken at small air masses (1.1 – 1.2),
so no correction was made for atmospheric dispersion.
The seeing was 0.′′7 FWHM. The slit was oriented in
the direction with position angle P.A. = –41◦ to per-
mit observations of both NW and SE components.
The spectrophotometric standard star HZ 44 was ob-
served for flux calibration. Spectra of He-Ne-Ar com-
parison lamps were obtained after each subexposure
to provide wavelength calibration.
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The Keck II telescope optical spectra of SBS 0335–
052 were obtained on 1998 February 24 with the Low
Resolution Imaging Spectrometer (LRIS) (Oke et al.
1995), using the 300 groove mm−1 grating which pro-
vides a dispersion 2.52 A˚ pixel−1 and a spectral res-
olution of about 8 A˚ in first order. The total spec-
tral range covered was λλ3600–7500 A˚. The slit was
1′′×180′′ and centered on the second brightest stellar
cluster (cluster No. 5 in Thuan, Izotov & Lipovetsky
1997) in order to look for WR stellar emission. The
slit was oriented with a position angle P.A. = 60◦
perpendicular to the SBS 0335–052 major axis. No
binning along the spatial axis has been done, yielding
a spatial sampling of 0.′′2 pixel−1. The total exposure
time was 40 min, broken into two exposures of 30 min
and 10 min. Both exposures were taken at air mass
1.4, and no correction was made for atmospheric dis-
persion. The seeing was 0.′′6. In the 30 min spectrum
the two strongest lines [O III] λ5007 and Hα were
saturated in the 5 central rows. Therefore, the [O
III] λ5007/Hβ and Hα/Hβ intensity ratios in each of
the five central rows in the second 10 min exposure
were used to correct for saturation. The standard star
G191B2B was observed for absolute flux calibration.
The spectrum of a He–Ne–Ar comparison lamp was
obtained after the observation to provide wavelength
calibration.
The slit orientations during the observations of I
Zw 18 and SBS 0335–052 superposed on archivalHub-
ble Space Telescope (HST)3 WFPC2 V images are
shown in Figure 1. For the MMT observations the slit
crossed the C component of I Zw 18 seen in Figure
1 at the NW edge of the slit. Recently, the spectral
energy distribution of this component has been dis-
cussed by van Zee et al. (1998) and Izotov & Thuan
(1998b), and will not be commented on further. We
only note that the brightest emission lines Hβ and Hα
in this component are detected in the MMT spectrum
as well. In the case of SBS 0335–052 the slit crossed
the H II region ∼ 1.′′2 to the NW from the brightest
knot perpendicular to the direction used by Izotov et
al. (1997a).
The data reduction was carried out at the NOAO
headquarters in Tucson using the IRAF4 software
3 Observations are obtained with NASA/ESA Hubble Space
Telescope through the Space Telescope Science Institute, which
is operated by AURA Inc., under NASA contract NAS 5-26555.
4IRAF: the Image Reduction and Analysis Facility is distributed
by the National Optical Astronomy Observatories, which is op-
erated by the Association of Universities for Research in As-
package. Procedures included bias subtraction, cosmic-
ray removal and flat-field correction using exposures
of a quartz incandescent lamp. After wavelength
mapping and night sky background subtraction each
frame was corrected for atmospheric extinction and
flux calibrated.
Different apertures have been used for the extrac-
tion of one-dimensional spectra for both galaxies.
In Figure 2a we show the one-dimensional spectrum
0.′′6×1.′′5 aperture of the brightest part of the NW
component of I Zw 18. The spectrum shows broad
WR bumps at λ4650 and λ5808 which have been dis-
cussed by Izotov et al. (1997b) and Legrand et al.
(1997). Figure 2b shows the spectrum in a 0.′′6×1.′′5
aperture of the SE component at the angular distance
of 5.′′4 from the NW component. The location of the
He I and He II lines is marked in both spectra. The
spectra of the NW and SE components are quite dif-
ferent. All He I lines in the spectrum of the SE com-
ponent are in emission while λ4026 and λ4921 are in
absorption and λ4471 is barely seen in emission in the
spectrum of the NW component. To the best of our
knowledge, this is the first direct detection of He I
absorption lines in the spectrum of I Zw 18. Three
other He I lines marked in the spectrum of the NW
component are in emission, although their intensities
are reduced due to the presence of underlying stel-
lar absorption. Additionally, the intensity of the He
I λ5876 emission line is affected by Galactic neutral
sodium absorption.
To improve the signal-to-noise ratio for heavy ele-
ment and helium abundance determinations, we use
one-dimensional MMT spectra of the NW and the SE
components of I Zw 18 in 4.′′2×1.′′5 and 3.′′5×1.′′5 aper-
tures respectively, separated by 5.′′4. The observed
line intensities and those corrected for interstellar ex-
tinction and underlying stellar absorption are shown
in Table 1 along with the equivalent width EW (Hβ),
the observed flux of the Hβ emission line, the ex-
tinction coefficient C(Hβ) and the equivalent width
of hydrogen absorption lines EW (abs). To correct
for extinction we used the Galactic reddening law by
Whitford (1958).
Taking advantage of the very high signal-to-noise
ratio of the Keck II spectrum of the brightest part
of SBS 0335–052 (SNR ≥ 100 for the continuum) we
have defined several apertures for extraction of one-
tronomy, In. (AURA) under cooperative argeement with the
National Science Foundation (NSF).
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dimensional spectra. In Figure 3 we show the spec-
trum in a 0.′′6×1.′′0 aperture of the brightest part. We
report the discovery of a weak WR bump, seen only
in the brightest part of SBS 0335–052 (Figure 4). The
properties of the WR stellar population in SBS 0335–
052 will be discussed in a later paper. Here we note
only that Wolf-Rayet stars have now been seen in the
two most metal-deficient galaxies known, I Zw 18 and
SBS 0335–052. This fact puts strong constraints on
massive star evolution models at very low metallic-
ities. We also extract eight other one-dimensional
spectra with the same 0.′′6×1.′′0 aperture separated
from one another by 0.′′6. The observed and corrected
line intensities in spectra to the SW of the brightest
part, called 0.′′6SW, ..., 2.′′4SW and in the spectra to
the NE of the brightest part (0.′′6NE, ..., 2.′′4NE) are
presented in Table 2 together with line intensities in
the spectrum of the brightest part called “Center”.
The errors in the line intensities (Tables 1, 2) have
been calculated from the noise statistics in the con-
tinuum which include implicitly the errors introduced
during the data reduction process (flat-field correc-
tion, sky subtraction), those coming from the place-
ment of the continuum and fitting the line profiles
with gaussians. We also take into account the er-
rors introduced by uncertainties in the spectral en-
ergy distributions of standard stars. Standard star
flux deviations for both standard stars G191B2B and
HZ 44 are taken to be 1% (Oke 1990; Bohlin 1996).
These errors have been propagated in the calculations
of element abundances. The main contribution to el-
ement abundance errors in I Zw 18 and in the bright-
est regions of SBS 0335–052 comes from uncertain-
ties in flux calibration while for other apertures the
main source of uncertainty originates from errors in
the measurements of line intensities.
3. HEAVY ELEMENT ABUNDANCES
To derive element abundances, we have followed
the procedure detailed in ITL94 and ITL97. We
adopt a two-zone photoionized H II region model
(Stasin´ska 1990): a high-ionization zone with tem-
perature Te(O III), and a low-ionization zone with
temperature Te(O II). We have determined Te(O III)
from the [O III]λ4363/(λ4959+λ5007) ratio using a
five-level atom model. That temperature is used for
the derivation of the He+, He2+, O2+, Ne2+ and
Ar3+ ionic abundances. To derive Te(O II), we have
used the relation between Te(O II) and Te(O III)
(ITL94), based on a fit to the photoionization models
of Stasin´ska (1990). The temperature Te(O II) is used
to derive the O+, N+ and Fe+ ionic abundances. For
Ar2+ and S2+ we have used an electron temperature
intermediate between Te(O III) and Te(O II) following
the prescriptions of Garnett (1992). The electron den-
sity Ne(S II) is derived from the [S II] λ6717/λ6731
ratio. Total element abundances are derived after cor-
rection for unseen stages of ionization as described in
ITL94 and Thuan, Izotov & Lipovetsky (1995).
3.1. I Zw 18
The values of the derived electron temperature and
number density in the NW and the SE components of
I Zw 18 (Table 3) are in good agreement with those by
SK93, except for the electron temperature in the SE
component, which is 1900 K higher in our case. Our
determination of Te and Ne is in very good agreement
with the recent study of I Zw 18 by Izotov & Thuan
(1998b). The low value of the electron number density
in the SE component makes it a suitable target for the
determination of the helium abundance because the
collisional enhancement of He I emission lines plays a
minor role in this case.
The oxygen abundances derived in the NW and
the SE components of I Zw 18, 12 + log O/H =
7.166±0.027 and 7.183±0.025, respectively, are in
very good agreement with the values 7.16±0.01 and
7.19±0.02 derived by Izotov & Thuan (1998b), sug-
gesting the robustness of the oxygen abundance de-
termination and a nearly constant metallicity in I
Zw 18 when measured in large apertures. However,
smaller spatial variations of oxygen abundance corre-
lated with small scale variations of the electron tem-
perature may be present. In Figure 5a we show the
spatial distribution of the electron temperature Te(O
III) in I Zw 18 along the slit. We note a possible
gradient of the electron temperature in the NW com-
ponent with a highest temperature of ∼ 21,500 K
in the brightest part associated with the Wolf-Rayet
stars. Small-scale spatial variations of the oxygen
abundance are shown in Figure 5b ( 1′′ = 52 pc at
the distance d = 10.8 Mpc to I Zw 18). The low-
est oxygen abundance 12 + log O/H = 7.07±0.06
is found in the center of the NW component. This
value of the oxygen abundance is derived in the re-
gion where WR stars are present and, hence, may
be too low because of possible temperature fluctu-
ations on small scales. The presence of small oxy-
gen abundance variations is in agreement with find-
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ings of Martin (1996) and Vi´lchez & Iglesias-Pa´ramo
(1998). However, the variations of the electron tem-
perature and oxygen abundance in I Zw 18 are only
marginally statistically significant because of the large
errors. The other heavy element abundances derived
in large apertures are in good agreement with those
derived by Izotov & Thuan (1998b).
3.2. SBS 0335–052
The spatial variations of the electron temperature
Te(O III) and oxygen abundance 12 + log (O/H) in
SBS 0335–052 are shown in Figures 5d and 5e re-
spectively. At distances > 3′′ from the center of SBS
0335–052 the determinations of Te(O III) and 12 +
log (O/H) are subject to large uncertainties, therefore
we consider only the central part with size ≤ 6′′ or ∼
1600 pc ( 1′′ = 262 pc at the distance d = 54.1 Mpc
to SBS 0335–052). The lowest electron temperature
Te(O III) of ∼ 20,000 K is found in the brightest part
of the supergiant H II region. It is among the highest
temperatures found for H II regions in BCGs, reflect-
ing the very low metallicity in SBS 0335–052. At
larger distances from the brightest part, the temper-
ature reaches values as high as ∼ 22,000 K. Such high
values of Te(O III) in SBS 0335–052 have also been
found by Izotov et al. (1997a) in directions perpendic-
ular to those studied here. We expect these variations
to be real because of the small errors in the electron
temperature determination. This suggests that the
electron temperature in the central part is statistically
different from the higher temperatures derived in the
regions to the SW of the central part. These tem-
perature differences are associated with differences in
oxygen abundance; a statistically significant gradient
of oxygen abundance is evidently present in Figure
5e. Izotov et al. (1997a) have also noted a gradient of
oxygen abundance along another direction. The high-
est oxygen abundance 12 + log (O/H) = 7.338±0.012
in the region 0.′′6NE is ∼ 1.4 times larger than the
oxygen abundance of ∼ 7.2 derived in the SW part of
the H II region. This gradient might be due to oxygen
enrichment by the stellar clusters in the central part
of the galaxy. While the transport to large distances
and mixing of freshly synthesized heavy elements may
be efficient due to the presence of high-speed gas mo-
tion within the H II region (Izotov et al. 1997a),
Figure 5e tells us that this process is incomplete in
SBS 0335–052.
In Table 4 we show Te, Ne and heavy element abun-
dances for SBS 0335–052 derived in 9 equal apertures
but in different regions along the slit. In contrast to I
Zw 18, the electron number density Ne(S II) in SBS
0335–052 is high. Large Ne(S II) values in this galaxy
have also been derived by Melnick, Heydari-Malayeri
& Leisy (1992), Izotov et al. (1997a) and Izotov &
Thuan (1998a). Note the slight increase of electron
temperature and the decrease of electron number den-
sity with distance from the center of the H II region.
The other heavy-element-to-oxygen abundance ratios
are constant within the errors.
Most puzzling is the iron abundance in SBS 0335–
052. While [O/Fe] ([O/Fe] ≡ log (O/Fe) – log
(O/Fe)⊙) in other BCGs is at the level 0.3 – 0.5
(Thuan, Izotov & Lipovetsky 1995; Izotov & Thuan
1999), suggesting a significant overproduction of oxy-
gen relative to iron, similar to that observed in halo
stars, [O/Fe] in SBS 0335–052 is ∼ 0. Izotov et al.
(1997a) first noted this as atypical for BCGs. Izotov
& Thuan (1998a) later confirmed the low value. The
reason for this is unclear. Izotov & Thuan (1999)
suggested that the low value of [O/Fe] is probably
caused by the contamination and hence artificial en-
hancement of the nebular [Fe III] λ4658 emission line
by the stellar C IV λ4658 emission line produced in
hot stars with stellar winds. Independent of the prob-
lem of the origin of iron in SBS 0335–052, our analysis
shows that heavy element abundances in I Zw 18 and
SBS 0335–052, derived by different authors from dif-
ferent observations, are very consistent. This testifies
to the robustness of element abundance determina-
tion in BCGs.
4. HELIUM ABUNDANCE
He emission-line strengths are converted to singly
ionized helium y+ ≡ He+/H+ and doubly ionized he-
lium y++ ≡ He++/H+ abundances using the theo-
retical He I recombination line emissivities by Smits
(1996). The analytical fits to Smits’ emissivities given
by ITL97 agree with those by Brocklehurst (1972)
for the He I λ4471 line within <1.5%, for the He I
λ5876 line within <0.3% and for the He I λ6678 line
within <0.4% in the temperature range from 10,000
to 20,000K. However, Smits’ (1996) emissivity for the
He I λ7065 line is ∼ 40 percent higher than the in-
correct Brocklehurst value in the same temperature
range. From this comparison the systematic error in
helium abundance determination due to errors in the
He I emissivities is expected to be less than 0.5% be-
cause of the high weight of the strongest He I λ5876
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emission line (see also Peimbert 1996). Recently Ben-
jamin, Skillman & Smits (1999) have derived new He
I emissivities that include the effects of collisional ex-
citation from the 23S metastable level. They estimate
that atomic data uncertainties alone may limit abun-
dance estimates to an accuracy of ∼ 1.5% which is ∼ 3
times worse than the accuracy expected from a simple
comparison of Brocklehurst (1972) and Smits (1996)
emissivities. Benjamin et al. (1999) note, however,
that their error estimates of emission line intensities
are somewhat subjective and should be considered il-
lustrative rather than definitive. We therefore do not
take into account the uncertainties in atomic data in
our error estimates for 4He abundance determination.
To obtain the total helium abundance, the frac-
tion of unseen neutral helium needs to be considered.
For H II regions with ionizing stars having effective
temperatures larger than 40000 K, the He+ and H+
zones are mostly coincident (Stasin´ska 1990). To esti-
mate the correction factor for neutral helium, we have
used the “radiation softness parameter” η of Vi´lchez
& Pagel (1988)
η =
O+
S+
S++
O++
. (1)
The fraction of neutral helium is significant (≥ 5%)
when η ≥ 10 (Pagel et al. 1992). In our galaxies,
the value of η less than 1.5. Thus, the contribution of
neutral helium is very small (< 1%) for our galaxies
and we have chosen not to correct for it.
Additionally, in those cases when the nebular He
II λ4686 emission line was detected, which is the sit-
uation for both I Zw 18 and SBS 0335–052, we have
added the abundance of doubly ionized helium y++
to y+. The value of y++ lies in the range 1 – 5% of
y+ in I Zw 18 and SBS 0335–052.
Finally the helium mass fraction is calculated by
Y =
4y[1− 20(O/H)]
1 + 4y
, (2)
where y = y+ + y++ is the number density of helium
relative to hydrogen (Pagel et al. 1992).
The main mechanisms causing deviations of the He
I emission line intensities from the recombination val-
ues are collisional and fluorescent enhancements. In
order to correct for these effects, we have adopted
the following procedure, discussed in more detail in
ITL94 and ITL97: using the formulae by Kingdon
& Ferland (1995) for collisional enhancement and the
Izotov & Thuan (1998a) fits to Robbins (1968) cal-
culations for fluorescent enhancement, we have eval-
uated the electron number density Ne(He II) and the
optical depth τ(λ3889) in the He I λ3889 line in a
self-consistent way, so that the He I λ3889/λ5876,
λ4471/λ5876, λ6678/λ5876 and λ7065/λ5876 line ra-
tios have their recombination values, after correction
for collisional and fluorescent enhancement. The He I
λ3889 and λ7065 lines play an important role because
they are particularly sensitive to both optical depth
and electron number density. Since the He I λ3889
line is blended with the H8 λ3889 line, we have sub-
tracted the latter, assuming its intensity to be equal
to 0.106 I(Hβ) (Aller 1984), after correction for the
interstellar extinction and underlying stellar absorp-
tion in hydrogen lines. We adopt Ne=10 cm
−3 for
the minimum number density in the calculations of
collisional correction factors instead of the commonly
used value of 100 cm−3. With Ne=10 cm
−3, the col-
lisional enhancement of the collisionally sensitive He
I λ5876 emission line is negligible, even in the hottest
H II regions of I Zw 18 and SBS 0335–052, while for
Ne=100 cm
−3 the collisional enhancement can be as
large as ∼ 5%. The singly ionized helium abundance
y+ and He mass fraction Y is obtained for each of the
three He I λ4471, λ5876 and λ6678 lines by the self-
consistent procedure. We then derived the weighted
mean y+ of these three determinations, the weight of
each line being determined by its intensity. However,
this weighted mean value may be underestimated due
to the lower value of y+(λ4471) resulting from un-
derlying stellar absorption. Therefore, in subsequent
discussions we also use the weighted mean values of
Y derived from the intensities of only two lines, He I
λ5876 and λ6678.
Since the number density Ne(S II) is used to cor-
rect He I emission line intensities for collisional en-
hancement in many studies (e.g. in OSS97), we also
consider this approach to study its validity in the He
abundance determination from our high quality ob-
servations.
4.1. Spatial distributions of He I and He II
line equivalent widths and intensities in
I Zw 18 and SBS 0335–052
Ideally, if the He abundance in an H II region is
constant and no effect is present to modify the He I
emission line intensities, the latter should be nearly
the same at each point of the H II region. In re-
ality, because the temperature in the H II region is
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not constant and because some He enrichment may
be present in the central parts, we may expect some
variations of He I and He II emission line intensities.
However, these effects are small due to the weak de-
pendence of He I and He II recombination emissivities
on temperature and the small difference in oxygen
abundance observed in the central and outer parts
of the H II regions in I Zw 18 and SBS 0335–052.
Therefore, if significant deviations of relative line in-
tensities from a constant value are observed in the
spatial distribution of He I emission lines, then some
other mechanisms must be at work.
Several mechanisms may play a role in changing
the He I emission line intensities from their recom-
bination values. The efficiency of each mechanism is
dependent on the particular physical conditions in the
H II region. All these mechanisms need to be taken
into account and several lines need to be considered
to discriminate between different mechanisms.
We already have shown that the physical condi-
tions in I Zw 18 and SBS 0335–052 are quite differ-
ent. While in I Zw 18 the electron number density is
small (Ne(S II) ≤ 100 cm
−3, Table 3) and collisional
enhancement has a minor effect on the derived he-
lium abundance, the electron number density in SBS
0335–052 is much higher (Ne(S II) ∼ 500 cm
−3 in the
central part of the H II region, Table 4). Additionally,
the linear size of the H II region in SBS 0335–052 is
∼ 5 times larger than in I Zw 18, and it may be op-
tically thick for some He I transitions. Therefore, we
expect both collisional and fluorescent enhancements
of He I emission lines to play a significant role in this
galaxy. By contrast, underlying stellar He I absorp-
tion is much more important in I Zw 18 as is evident
from Figures 5c and 5f where the spatial distribu-
tion of the Hβ emission line equivalent width in both
galaxies is shown. The equivalent widths of the He I
emission lines scale roughly as the equivalent widths
of the Hβ emission line. The smaller the equivalent
width of the He I emission line is, the larger is the
effect of underlying absorption. In SBS 0335–052 the
equivalent width of Hβ is high everywhere along the
slit with a lowest value of 160A˚ in the center of the H
II region and increasing to ∼ 300A˚ in the outer parts.
In I Zw 18 the equivalent width of Hβ emission line
is much lower with a minimum value of only 34A˚ in
the center of the NW component or ∼ 5 times lower
than in the center of SBS 0335–052. This is the lowest
value ever measured for EW (Hβ) in I Zw 18. Given
equal equivalent widths for He I absorption lines in
both BCGs, we may expect the effect of underlying
stellar absorption to be several times larger in I Zw 18
than in SBS 0335–052. The Hβ equivalent width in
the SE component is as high as ∼ 150A˚ and therefore
the effect of underlying stellar absorption, although
present, is several times smaller. This is clearly seen
in Figures 2a and 2b. While higher order Balmer hy-
drogen lines and some helium lines in the spectrum of
the NW component are in absorption, all these lines
are in emission in the spectrum of the SE component.
Even a visual inspection of the NW component spec-
trum is sufficient to reveal that this component is not
suitable for He abundance determination.
In Figure 6 we show the spatial distribution of the
He I λ4471, λ5876, λ6678 and λ7065 emission line
equivalent widths in I Zw 18 and SBS 0335–052 along
the slits. The minimum equivalent widths of He I
lines are spatially coincident with the maxima in the
continuum intensity distribution. They are indicated
in Figure 6 by their values. There is a significant dif-
ference between I Zw 18 and SBS 0335–052. While
the maximum equivalent widths of the He I emission
lines in the SE component of I Zw 18 are close to
those in the central brightest part of SBS 0335–052,
the He I line equivalent widths in the NW component
of I Zw 18 are several times smaller. The largest ratio
of minimum values of equivalent widths in I Zw 18 as
compared to in SBS 0335–052 is found to be ∼ 14 for
the He I λ4471 emission line. This implies that He I
λ4471 emission line intensity in the center of the NW
component of I Zw 18 is affected by underlying stellar
absorption which is an one order of magnitude larger
as compared to that in the center of SBS 0335–052.
The effect of underlying stellar absorption on the He I
λ6678 emission line is smaller due to its higher equiv-
alent width. It follows from Figure 6 that influence of
underlying stellar absorption on the intensity of He I
λ6678 emission line is much larger in the NW compo-
nent of I Zw 18 than in its SE component and in SBS
0335–052.
He I absorption lines are observed in the spectra
of O and B stars with maximum values of equiva-
lent widths occuring in B2 – B3 stars (Jaschek et al.
1994; Leone & Lanzafame 1998). Olofsson (1995) has
produced spectral evolutionary models of single-burst
star forming regions in order to follow the behaviour
of hydrogen and helium absorption lines. Using these
calculations we can estimate the effect of underlying
stellar absorption on the He I emission line intensities
in our galaxies. Olofsson (1995) found that typical
10
equivalent widths of the He I λ4471 absorption line in
starbursts with age ≤ 4 – 6 Myr lie in the range 0.2 –
0.3A˚. Therefore, underlying absorption decreases the
intensity of the He I λ4471 emission line in the center
of the NW component of I Zw 18 by factors up to ∼
2. This effect on the He I λ4471 emission line inten-
sity in the central part of SBS 0335–052 is smaller,
but it is significant and the correction for underlying
stellar absorption is ∼ 5 – 7%. Olofsson (1995) does
not provide calculations for the He I λ5876, λ6678
and λ7065 absorption lines. The equivalent widths
of these lines in OB stars are respectively ∼ 2, ∼ 2
and ∼ 3 times smaller than that for the He I λ4471
absorption line (Leone & Lanzafame 1998). Addi-
tionally, the equivalent width of absorption lines in
the red part of star-forming region spectra is diluted
by the larger contribution of cooler stars and gaseous
emission (Izotov et al. 1997a; Papaderos et al. 1998).
Therefore, we put a conservative upper limit of 0.1A˚
for the equivalent widths of the He I λ5876, λ6678
and λ7065 absorption lines. The correction of the He
I λ6678 emission line for underlying absorption in the
NW component is as high as 5% and must be taken
into account. On the other hand, the correction of
the same line intensity in the SE component of I Zw
18 and in SBS 0335–052 is ≤1%, while the correction
of He I λ5876 emission line is only ≤0.4%.
This comparison of H II region properties in the
two most metal-deficient BCGs, I Zw 18 and SBS
0335–052, shows that these galaxies are well-suited for
studying all effects influencing He line intensities. In
Figure 7 we show the spatial distribution of He I and
He II λ4686 emission line intensities in both BCGs. A
decrease of the He I λ4471, λ5876 and λ6678 emission
intensities is evident in the NW component of I Zw
18. Their intensities are smaller by factors of ∼ 3, ∼ 2
and ∼ 1.2 respectively compared to the intensities in
the SE component. Only ∼ 5% of this decrease can
be explained by the presence of doubly ionized He.
The rest of the He I intensity decrease is evidently
due to the underlying stellar He I absorption lines.
The spatial distribution of He I emission line inten-
sities in SBS 0335–052 is very different from that in
I Zw 18. The increase of He I λ5876 and He I λ7065
emission line strengths by ∼ 20% and ∼ 75% respec-
tively in the central part of SBS 0335–052 within a
radius ∼ 2′′ is caused by collisional and fluorescent
enhancement. The increase of the He I λ6678 emis-
sion line intensity is only ≤ 4%. The combined ef-
fect of collisional enhancement and underlying stellar
absorption results in a small depression in the He I
λ4471 intensity in the central region. The intensity
of this line is also affected by underlying absorption.
However, this effect is significantly smaller than that
in the NW component of I Zw 18.
4.2. Helium mass fraction in I Zw 18
In Table 5, the results of the He mass fraction de-
termination are given for both the NW and the SE
components. We calculate the He mass fraction in
the NW component to show the severity of the ef-
fects of underlying stellar absorption and of absorp-
tion by Galactic interstellar sodium on the final re-
sults. The He mass fractions in the NW and the SE
components should be the same. However, the calcu-
lated He mass fractions Y (λ4471) = 0.169±0.023 and
Y (λ5876) = 0.192±0.007 in the NW component are
unreasonably small and far below the values derived
for the SE component. Although the He mass frac-
tion Y (λ6678) = 0.237±0.017 is much higher, it is also
subjected to underlying stellar absorption and should
not be used without correction for this effect which
can be as high as 5%. To correct for underlying He I
absorption detailed calculations of stellar population
synthesis models as a function of time are required be-
cause the equivalent widths of He I absorption lines
are time-dependent, being 1.3 – 1.5 times larger in
O, B supergiants compared to those in O, B main
sequence stars (Jaschek et al. 1994). As mentioned
before, although the calculations of some absorption
He I equivalent widths in young stellar clusters are
now available (e.g. Olofsson 1995), such calculations
have not been made for the He I λ5876, λ6678 and
λ7065 absorption lines.
The He mass fractions Y (λ5876) = 0.243±0.008
and Y (λ6678) = 0.243±0.018 derived in the SE com-
ponent are in very good agreement. The Y (λ4471) =
0.232±0.018 is lower due to underlying stellar absorp-
tion. The weighted mean values Y = 0.2416±0.0065
(three lines) and 0.2429±0.0070 (λ5876 + λ6678) in
the SE component are in excellent agreement with
value Y = 0.242±0.009 derived by Izotov & Thuan
(1998b), much better than is expected from the cal-
culated errors. The result is not dependent on the
method used because the electron number density in
the SE component is so small that the correction for
collisional enhancement is ≤ 0.5% for the He I λ5876
emission line which is most subject to that effect.
Therefore, we conclude that the SE component of I
Zw 18 is an excellent target for a more precise de-
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termination of the He abundance with 10-meter class
telescopes, as the precision in Y for this component
is limited mainly by observational uncertainties.
4.3. Helium mass fraction in SBS 0335–052
Correction of the He I emission lines for colli-
sional and fluorescent enhancements in SBS 0335–
052 presents more problems due to its higher elec-
tron number density and the larger extent of the H
II region as compared to the SE component of I Zw
18. These problems have been discussed by Izotov
et al. (1997a) and Izotov & Thuan (1998a). The
importance of the fluorescent mechanism has been
demonstrated by Osterbrock, Tran & Veilleux (1992)
and Esteban et al. (1998) for the Orion nebula and
by Thuan, Izotov & Lipovetsky (1996) for the BCG
Mrk 996, where this effect is especially strong due to
the extremely high electron number density (Ne ∼
106cm−3) in its H II region. Although much smaller,
fluorescent enhancement is present in SBS 0335–052
as well (Izotov et al. 1997a).
The very high signal-to-noise ratio spectrum of
SBS 0335–052 obtained with the Keck II telescope
allows us to measure the He mass fraction in several
regions of SBS 0335–052 and to significantly improve
the measurement precision.
The results of the He abundance determination in 9
different regions of SBS 0335–052 are shown in Table
6, both for the self-consistent method and the method
using Ne(S II).
Consider first the results obtained with the self-
consistent method. The electron number density
Ne(He II) derived by this method is significantly lower
than that derived from the [S II] emission line ratio.
Therefore, in the self-consistent method, the correc-
tion for collisional enhancement is smaller. Inspec-
tion of Table 6 shows the remarkable coincidence of
He mass fractions derived from He I λ5876 and He I
λ6678 emission lines in each region, better than ex-
pected from the formal errors. By contrast, the He
mass fraction derived from He I λ4471 is systemati-
cally lower because this line is subject to underlying
stellar absorption in the central brightest part of the
galaxy with lowest EW (Hβ). Additionally, we can-
not completely exclude uncertainties in atomic data
for this line (ITL97, OSS97). This effect is also seen
in Figure 8a, where error bars are shown only for Y s
derived from the He I λ5876 emission line. Note the
constancy and coincidence of Y values derived from
the He I λ5876 and He I λ6678 emission lines. The
weighted mean He mass fractions for 9 different re-
gions are Y (λ5876) = 0.2462±0.0018, Y (λ6678) =
0.2464±0.0029, Y (λ5876 + λ6678) = 0.2463±0.0015
and Y (all lines) = 0.2437±0.0014. These values are
in excellent agreement with Y = 0.245±0.006 derived
from MMT observations (Izotov et al. 1997a), al-
though the errors in the present determination are
several times smaller. This result shows how observa-
tions of low-metallicity galaxies with the largest tele-
scopes will allow us to improve the precision in Y
determination.
The situation is very different when He I emis-
sion lines are corrected only for collisional enhance-
ment with the electron number density Ne(S II) de-
rived from [S II] emission lines. Inspection of Table
6 shows that Y values derived from the He I λ5876
emission line are systematically lower compared to
those derived from the He I λ6678 emission line. This
systematic effect is evidently present in Figure 8b,
where we show error bars only for Y s derived from
the He I λ5876 emission line. Note that these error
bars are larger than those in Figure 8a because of the
large uncertainties in the determination of the elec-
tron number density from [S II] lines. The weighted
mean values from 9 different regions are Y (λ5876) =
0.2361±0.0037, Y (λ6678) = 0.2412±0.0032 and Y (all
lines) = 0.2344±0.0021. Although these values are
formally consistent within 1σ, the consistency of Y
values derived by the self-consistent method is much
better. The main reason of the systematic differences
between Y derived from He I λ5876 and λ6678 emis-
sion lines is the overcorrection of He I line intensi-
ties for collisional enhancement due to too high an
adopted electron number density. This systematic ef-
fect leads us to conclude that the electron number
density derived from [S II] emission lines should not
be used in general for the determination of He abun-
dance. In some cases, such as in SBS 0335–052, this
can lead to an incorrect result, underestimating the
helium mass fraction in this galaxy by as much as 5
– 10%.
4.4. Primordial He abundance and baryonic
mass fraction of the Universe
Since I Zw 18 and SBS 0335–052 are very metal-
deficient galaxies with oxygen abundances ∼ 50 and
∼ 40 times smaller than the oxygen abundance in the
Sun, their helium mass fractions should be very close
to the primordial value Yp. The contribution of stellar
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He in I Zw 18 and SBS 0335–052 is only ∼ 0.0004 if
He is produced by massive stars only (with dY /dZ ∼
1, Maeder 1992; Timmes, Woosley & Weaver 1995).
If the empirical slope, dY /dZ = 2.4, derived by Izo-
tov & Thuan (1998a) for a sample of low-metallicity
BCGs is adopted, then the stellar contribution of He
is ∼ 0.0010 or < 0.5% of the primordial helium mass
fraction. The primordial mass fractions derived from
the weighted mean He mass fractions in I Zw 18 and in
SBS 0335–052 are Yp = 0.2426±0.0013 when all three
lines are taken into account, and Yp = 0.2452±0.0015
when only He I λ5876 and λ6678 are considered. Be-
tween these determinations, the latter value is prefer-
able as it is less subject to the effect of underlying
absorption in the He I λ4471 emission line. This
value is in excellent agreement with the primordial He
mass fraction Yp = 0.2443±0.0015 derived by Izotov &
Thuan (1998a) from the Y – O/H linear regression for
a sample of 45 BCGs. Thus determinations of Yp, be
it by the linear regression technique or by measuring
the helium mass fraction in the most metal-deficient
BCGs, give nearly the same result. The concordance
of Yp values derived in several papers (ITL97, Izotov
& Thuan 1998ab, this paper) is testimony to the ro-
bustness and reliability of the analysis techniques we
have used.
We now discuss the cosmological implications of
our Yp determination. In Figure 9 solid lines show the
primordial abundances of 4He, D, 3He and 7Li pre-
dicted by standard big bang nucleosynthesis theory
as a function of the baryon-to-photon number ratio η.
The dashed lines are 1σ uncertainties in model calcu-
lations. The analytical fits are taken from Fiorentini
et al. (1998). The solid boxes show the 1σ predic-
tions of η as inferred from our measured primordial
abundance of 4He, and the primordial abundances of
D (Levshakov et al. 1999; Burles & Tytler 1998b),
3He (Rood et al. 1998) and 7Li (Bonifacio & Molaro
1997; Vauclair & Charbonnel 1998; Pinsonneault et
al. 1998). All these determinations are consistent to
within 1σ. The uncertainties in the 3He abundance
are still large however, and do not provide as yet a
stringent constraint of the baryonic mass fraction. For
comparison, we have also shown with dotted boxes the
1σ predictions of η inferred from the primordial abun-
dances of 4He derived by OSS97, of D (Songaila et al.
1997) and 7Li (Bonifacio & Molaro 1997; Vauclair &
Charbonnel 1998; Pinsonneault et al. 1998). This
second data set has, however, several features that
make it less than ideal for constraining η. OSS97 have
included in their sample some low-metallicity galaxies
with low He abundances, including the NW compo-
nent of I Zw 18. As shown here and by ITL97 and
Izotov & Thuan (1998b) the He I emission line in-
tensities in the NW component are strongly reduced
by underlying stellar absorption and absorption by
interstellar sodium. Therefore, this object must be
excluded from consideration which would result in a
higher value of Yp for the OSS97 sample. The helium
mass fraction in the SE component is in the range Y
= 0.242 – 0.243 as shown by several independent stud-
ies by at least two different groups (Izotov & Thuan
1998b; Vi´lchez & Iglesias-Pa´ramo 1998). Yet OSS97
derive Yp = 0.234. It is most unlikely that Yp would be
so much lower than the 4He mass fraction derived in
the most metal-deficient galaxy known. Further, our
analysis shows that neglecting fluorescent enhance-
ment may artificially lower the helium mass fraction.
The data for the whole OSS97 sample are not pub-
lished, so we cannot check directly their quality and
how they were analyzed. However, some of their data
for the most metal-deficient galaxies are taken from
the literature and they were obtained many years ago
with non-linear detectors. For instance, the BCG Tol
65 with a low oxygen abundance and a low Y value
has been observed in the early 80s by Kunth & Sar-
gent (1983) and by Campbell, Terlevich & Melnick
(1986) and should be reobserved for a more precise
He abundance determination.
As for deuterium, Levshakov et al. (1998, 1999)
have redetermined the D abundance in high-redshift
absorbing clouds. They have shown that the use
of more adequate kinematic models with correlated
turbulent motions for absorbing Lyα clouds instead
of microturbulent models results in a narrow range
of (D/H)p = (4.35±0.43)×10
−5. Although these
values are close to (D/H)p = (3.3±0.3)×10
−5 and
(3.39±0.25)×10−5 derived by Burles & Tytler (1998ab),
they are systematically higher and are more consis-
tent with our 4He abundance determination (ITL97;
Izotov & Thuan 1998a; this paper). The high primor-
dial D abundance reported by Songaila et al. (1997)
is probably excluded by this analysis. However, prob-
lems with the interpretation of spectra of absorbing
gas clouds and the determination of D/H remain (e.g.
Tytler et al. 1999) and measurements of D/H along
more lines of sight are needed.
The primordial 7Li abundance determination suf-
fers from uncertainties arising from the possible de-
pletion of this element inside stars. If this deple-
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tion is present, then the primordial 7Li abundance is
higher than the value (7Li/H)p = (1.73±0.21)×10
−10
obtained by Bonifacio & Molaro (1997). Vauclair
& Charbonnel (1998) have shown that the deple-
tion of 7Li in Population II stars may be as high as
30%. They give for the primordial lithium abundance
(7Li/H)p = (2.24±0.57)×10
−10. Pinsonneault et al.
(1998) have analyzed 7Li depletion in rotating stars.
They found that the depletion factor can be as high
as 1.5 – 3 times, larger than the value obtained by
Vauclair & Charbonnel (1998). Pinsonneault et al.
(1998) give a primordial lithium abundance (7Li/H)p
= (3.9±0.85)×10−10.
The Yp = 0.2452±0.0015 value derived in this pa-
per when only the two He I lines λ5876 and λ6678 are
used, implies a baryon-to-photon number ratio η =
(4.7+1.0
−0.8)×10
−10. This ratio is η = (4.0+0.08
−0.06)×10
−10
if Yp = 0.2437±0.0014. These baryon-to-photon num-
ber ratios translate to baryon mass fractions Ωbh
2
50 =
0.068+0.015
−0.012 and 0.058
+0.010
−0.008 where h50 is the Hubble
constant in units of 50 km s−1Mpc−1. Although both
values of baryon mass fraction are consistent within
the errors, we prefer the higher value because it is
based on a primordial He determination which is less
subject to uncertainties caused by underlying He I
stellar absorption.
Our value of the baryon mass fraction is consistent
with that obtained by analysis of the Lyα forest in a
cold dark matter cosmology. Depending on the inten-
sity of diffuse UV radiation, the inferred lower limit
is Ωh250 = 0.05 – 0.10 ( Weinberg et al. 1997; Bi &
Davidsen 1997; Rauch et al. 1997), while Zhang et
al. (1998) have derived 0.03 ≤Ωh250 ≤ 0.08.
We use the statistical χ2 technique with the code
described by Fiorentini et al. (1998) and Lisi et al.
(1999) to analyze the consistency of different sets of
primordial 4He, D and 7Li abundances at the high end
range of the baryon-to-photon number ratio, vary-
ing both η and equivalent number of light neutrino
species Nν . The lowest χ
2
min = 0.001 results when
η = 4.45×10−10 and Nν = 3.006 for the set of pri-
mordial abundances with Yp = 0.2452±0.0015 (this
paper), (D/H)p = (4.35±0.43)×10
−5 (Levshakov et
al. 1999) and (7Li/H)p = (2.24±0.57)×10
−10 (Vau-
clair & Charbonnel 1998). Hereafter, we shall desig-
nate this most consistent data set by B. The value
χ2min for other choices of primordial abundances is
larger than 0.5, being equal to 3.7 for the data
set with Yp = 0.2452±0.0015 (this paper), (D/H)p
= (3.39±0.25)×10−5 (Burles & Tytler 1998b) and
(7Li/H)p = (1.73±0.21)×10
−10 (Bonifacio & Molaro
1998) (hereafter data set A).
The joint fits of η and Nν to data sets A and B
are shown in Figure 10a and 10b, respectively. The
1σ (χ2 – χ2min = 2.3) and 2σ (χ
2 – χ2min = 6.2) devi-
ations are shown respectively by thin and thick solid
lines. We find the equivalent number of light neutrino
species for data set A to be in the range Nν = 2.9±0.3
(2σ) (Figure 10a), and for the most consistent data
set B to be in the range Nν = 3.0±0.3 (2σ) (Figure
10b). Both values are consistent with the experimen-
tal value of 2.993±0.011 (Caso et al. 1998) shown by
the dashed line. Therefore, we conclude that both
data sets of primordial abundances of light elements
are in good agreement with predictions of standard
big bang nucleosynthesis theory. However, the agree-
ment is better for data set B.
5. SUMMARY AND CONCLUSIONS
In this study we have presented the results of
very high signal-to-noise ratio spectroscopy of the two
most metal-deficient blue compact galaxies known, I
Zw 18 and SBS 0335–052, obtained with the Multiple
Mirror Telescope and the Keck II telescope, respec-
tively. Our main aim is to derive the primordial He
mass fraction Yp based on the mean helium mass frac-
tions Y derived in each BCG.
We have obtained the following results:
1. Assuming all systematic uncertainties are neg-
ligible, the weighted mean He mass fraction for the
two most metal-deficient galaxies I Zw 18 and SBS
0335–052 is Y = 0.2436±0.0013 if three He I emis-
sion lines are used and Y = 0.2462±0.0015 if the He
I λ4471 emission line is excluded. The primordial He
mass fraction is derived after a correction for the stel-
lar contribution to the He mass fraction of ∼ 0.0010
adopting an empirical slope dY /dZ = 2.4 from Izotov
& Thuan (1998a). We then determine the primor-
dial He mass fractions Yp = 0.2426±0.0013 and Yp =
0.2452±0.0015 when three and two He I emission lines
are used respectively. These Yp values correspond to
baryon-to-photon number ratios η = (4.0+0.8
−0.6)×10
−10
and η = (4.7+1.0
−0.8)×10
−10 which translate to baryon
mass fractions Ωbh
2
50 = 0.058
+0.010
−0.008 and Ωbh
2
50 =
0.068+0.015
−0.010. We prefer the latter value, as the other
one is subject to uncertainties caused by underlying
absorption in the He I λ4471 emission line.
2. We performed a statistical χ2 analysis with
the code developed by Fiorentini et al. (1998) and
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Lisi et al. (1999) to study the consistency of differ-
ent sets of primordial 4He, D and 7Li abundances,
varying both the baryon-to-photon number ratio η
and the equivalent number of light neutrino species
Nν . The best consistency is achieved for the set of
primordial abundances Yp = 0.2452±0.0015 (this pa-
per), (D/H)p = (4.35±0.35)×10
−5 (Levshakov et al.
1999) and (7Li/H)p = (2.24±0.57)×10
−10 (Vauclair &
Charbonnel 1998) at η = 4.45×10−10 and Nν = 3.006
with χ2min = 0.001. This set of data strongly supports
the standard big bang nucleosynthesis theory. We de-
rive the equivalent number of light neutrino species to
be Nν = 3.0±0.3 (2σ).
3. We find direct evidence for the presence of un-
derlying stellar He I absorption lines in the spectrum
of the NW component of I Zw 18. The equivalent
width of the Hβ emission line in the very central part
of the NW component is very small, being only 34A˚,
the smallest ever measured in I Zw 18. The equivalent
widths of the He I emission lines are small, compara-
ble to those for stellar He I absorption lines. There-
fore, the intensities of the strongest He I emission lines
are significantly reduced by stellar He I absorption
lines and the two weaker He I λ4026 and λ4921 lines
appear purely in absorption. This makes the use of
the NW component of I Zw 18 for He abundance de-
termination inappropriate. This conclusion was also
arrived at by ITL97 and Izotov & Thuan (1998b). In
contrast, the influence of underlying stellar absorp-
tion on the intensities of He I emission lines in the SE
component of I Zw 18 is significantly smaller. The
weighted mean He mass fraction in the SE compo-
nent is Y = 0.241±0.007 when the three He I lines,
λ4471, λ5876 and λ6678, are taken into account and
Y = 0.243±0.007 when the He I λ4471 emission line
is excluded. These values are in excellent agreement
with Y derived recently by Izotov & Thuan (1998b)
and Vi´lchez & Iglesias-Pa´ramo (1998). The concor-
dance of different determinations of the He mass frac-
tion from different observations of I Zw 18 by dif-
ferent groups shows their robustness. We find that
collisional enhancement of the He I emission lines is
very small despite the high electron temperature in
the H II region of I Zw 18. Observational errors are
presently the main source of uncertainty in determin-
ing the He mass fraction in the SE component. Fu-
ture observations with 10-meter class telescopes can
significantly improve the measurement precision of Y
in this galaxy.
4. The very high signal-to-noise ratio Keck II ob-
servations of SBS 0335–052 allow us to derive the he-
lium mass fraction with good precision in nine dif-
ferent regions in this BCG. We find that both colli-
sional and fluorescent enhancements of He I emission
lines are important in SBS 0335–052, a conclusion
reached previously by Izotov et al. (1997a). It is
shown that the electron number density derived from
[S II] emission lines cannot be used, because it leads
to an overcorrection of the He I emission line intensi-
ties for collisional enhancement by 5 – 10%, and hence
to an underestimation of the He mass fraction. Using
only the single He I λ6678 emission line intensity cor-
rected for collisional enhancement with the electron
number density Ne(S II) (as was done e.g. by OSS97)
would lead to an erroneous Y value. Instead, a thor-
ough analysis of the possible mechanisms which make
He I emission line intensities deviate from their re-
combination values must be made for each BCG and
a self-consistent method using several He I emission
lines should be applied to correct for both collisional
and fluorescent enhancements. The helium mass frac-
tions Y derived from He I λ5876 and λ6678 emission
line intensities are in excellent agreement in each of
the nine regions while the He mass fraction derived
from He I λ4471 emission line is systematically lower
due to the presence of underlying stellar absorption
and, possibly, due to uncertainties in atomic data.
The weighted mean of the He mass fraction for all
9 regions of SBS 0335–052 is Y = 0.2437±0.0014 if
all three He I λ4471, λ5876 and λ6678 emission lines
are used. If the He I λ4471 emission line is excluded
because of its sensitivity to underlying stellar absorp-
tion, then the weighted mean He mass fraction be-
comes Y = 0.2463±0.0015, which is our recommended
value. These values of He mass fraction in SBS 0335–
052 are in good agreement with those derived by Izo-
tov et al. (1997a) and Izotov & Thuan (1998a).
5. The oxygen abundances 12 + log (O/H) =
7.17±0.03 and 7.18±0.03 derived respectively in the
NW and SE components of I Zw 18 agree very well
with the oxygen abundances derived in these compo-
nents by Izotov & Thuan (1998b). While both compo-
nents have nearly the same oxygen abundance, vari-
ations of chemical composition might be present at
small scales as suggested by the spatial distribution
of the oxygen abundance. Alternatively, these varia-
tions might be caused by temperature fluctuations on
small scales.
6. The oxygen abundance 12 + log (O/H) =
7.321±0.011 in the brightest part of SBS 0335–052
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is in excellent agreement with the oxygen abundance
derived by Izotov et al. (1997a) using MMT observa-
tions with another slit orientation. We find a statis-
tically significant gradient of oxygen abundance. It is
highest in the brightest part of the H II region asso-
ciated with ionizing clusters and declines to a value
12 + log(O/H) ∼ 7.2 in the outer parts of the super-
giant H II region, comparable to that found in the
western component of SBS 0335–052 (Lipovetsky et
al. 1999) and in I Zw 18. The existence of an oxygen
abundance gradient with another slit orientation was
previously noticed by Izotov et al. (1997a).
7. We report the discovery of a WR stellar pop-
ulation in the BCG SBS 0335–052. The presence of
WR stars in SBS 0335–052 was expected since the UV
HST GHRS observations by Thuan & Izotov (1997)
showed stellar Si IV λ1394 and λ1403 lines with P
Cygni profiles suggestive of the presence of hot mas-
sive stars with stellar winds. Recently Izotov et al.
(1997b) and Legrand et al. (1997) have detected a
WR stellar population in the NW component of I Zw
18 as well. Thus, the two most metal-deficient BCGs
both contain WR stars. These findings are of special
importance for constraining massive stellar evolution
models at very low metallicity.
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Fig. 1.— Slit orientations superposed on HST
archival V images of I Zw 18 and SBS 0335–052. The
slit orientation during the MMT observations of I Zw
18 is chosen in such a way as to get spectra of the SE
and NW components as well as of the C component
to the NW of the main body of the galaxy. The slit
orientation during the Keck II observations of SBS
0335–052 is chosen in the direction perpendicular to
that used by Izotov et al. (1997a) and it is centered
on stellar cluster No. 5 (Thuan, Izotov & Lipovetsky
1997). The spatial scale is 1′′ = 49 pc in the case of I
Zw 18 and is 1′′ = 257 pc in the case of SBS 0335–052.
Fig. 2.— The 0.′′6×1.′′5 aperture MMT spectra of the
brightest parts of the NW and the SE components
of I Zw 18. The spectrum of the SE component is
extracted at the angular distance of 5.′′4 from the NW
component. The positions of He I lines are marked.
Note that all marked He I lines in the spectrum of
the SE component are in emission while the two He I
λ4026 and λ4921 lines are in absorption and the He I
λ4471 emission line is barely detected in the spectrum
of the NW component.
Fig. 3.— The 0.′′6×1.′′0 aperture Keck II LRIS tele-
scope spectrum of the brightest part of the SBS 0335–
052. The positions of the He II λ4686 and He I emis-
sion lines are marked.
Fig. 4.— Keck II LRIS spectrum of the brightest
part of SBS 0335–052 within a 0.′′8×1.′′0 aperture. The
strongest nebular emission lines are marked. Note the
presence of the broad WR bump at rest wavelength
λ4620 – 4640A˚. The redshift of SBS 0335–052 is z =
0.0136.
Fig. 5.— The spatial distributions of the electron
temperature Te(O III), oxygen abundance 12 + log
(O/H), and the equivalent width EW (Hβ) of the Hβ
emission line in I Zw 18 (left panel) and in SBS 0335–
052 (right panel). The error bars are 1σ deviations.
Fig. 6.— The spatial distributions of the He I nebular
emission line equivalent widths in I Zw 18 (left panel)
and in SBS 0335–052 (right panel). The error bars are
1σ deviations. The value of the minimum equivalent
width for each He I emission line is given.
Fig. 7.— The spatial distributions of the He I and He
II λ4686 nebular emission line intensities in I Zw 18
(left panel) and in SBS 0335–052 (right panel). The
error bars are 1σ deviations.
Fig. 8.— The spatial distributions of the helium
mass fractions in SBS 0335–052 derived from the He I
λ4471, λ5876 and λ6678 emission line intensities. The
intensities of the He I emission lines in Figure 8a are
corrected for fluorescent and collisional enhancement
with an electron number density Ne(He II) and an
optical depth τ(λ3889) derived self-consistently from
the observed He I λ3889, λ4471, λ5876, λ6678 and
λ7065 emission line intensities. The intensities of the
He I emission lines in Figure 8b are corrected only
for collisional enhancement with an electron number
density Ne(S II). The 1σ error bars are shown only
for the He mass fraction derived from the He I λ5876
emission line. They are larger in Figure 8b because of
the large uncertainties in the determination of Ne(S
II).
Fig. 9.— The abundance of (a) 4He, (b) D, (c) 3He
and (d) 7Li as a function of η10 ≡ 10
10 η, where η is
the baryon-to-photon number ratio, as given by the
standard hot big bang nucleosynthesis model. The
theoretical dependences (solid lines) with 1σ devia-
tions (dashed lines) are from Fiorentini et al. (1998).
The abundances of D, 3He and 7Li are number ra-
tios relative to H. For 4He, the mass fraction Y is
shown. Our value Yp = 0.2452±0.0015 gives η =
(4.7+1.0
−0.8)×10
−10 as shown by the solid vertical line.
We show other data with 1σ boxes.
Fig. 10.— Joint fits to the baryon-to-photon num-
ber ratio, log η10, and the equivalent number of light
neutrino species Nν using a χ
2 analysis with the code
developed by Fiorentini et al. (1998) and Lisi et al.
(1999) (a) for primordial abundance values Yp (this
paper), (D/H)p (Burles & Tytler 1998b) and (
7Li/H)p
(Bonifacio & Molaro 1997) and (b) for best choice of
primordial abundance values Yp (this paper), (D/H)p
(Levshakov et al. 1999) and (7Li/H)p (Vauclair &
Charbonnel 1998). The minimum value χ2min = 0.001
in the latter case is achieved for log η10 = 0.648 (η
= 4.45×10−10) and Nν = 3.006 (filled circle). Thin
and thick solid lines are 1σ and 2σ deviations, respec-
tively. The experimental value Nν = 2.993 (Caso et
al. 1998) is shown by dashed line.
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TABLE 1
Emission Line Intensities in I Zw 18
Ion NW SE
F ()/F (H) I()/I(H) F ()/F (H) I()/I(H)
3727 [O II] 0.22420.0058 0.22990.0064 0.51030.0094 0.50200.0100
3750 H12            
3770 H11       0.01600.0042 0.06300.0218
3798 H10       0.02710.0028 0.07350.0101
3835 H9 0.01590.0035 0.09530.0265 0.04520.0032 0.09060.0084
3868 [Ne III] 0.15810.0048 0.16030.0052 0.14360.0043 0.14100.0044
3889 He I + H8 0.10380.0040 0.20380.0099 0.15700.0043 0.19940.0071
3968 [Ne III] + H7 0.12840.0043 0.21910.0089 0.17920.0046 0.21840.0071
4026 He I       0.01510.0036 0.01480.0036
4101 H 0.19300.0048 0.27560.0081 0.23270.0052 0.26820.0072
4340 H 0.40590.0074 0.47110.0096 0.44950.0082 0.47320.0095
4363 [O III] 0.07010.0034 0.06840.0036 0.05540.0029 0.05420.0029
4471 He I 0.02240.0030 0.02170.0031 0.03520.0025 0.03440.0025
4658 [Fe III]       0.00430.0017 0.00420.0017
4686 He II 0.04240.0029 0.04050.0029 0.00890.0023 0.00860.0024
4713 [Ar IV] + He I            
4740 [Ar IV]            
4861 H 1.00000.0160 1.00000.0171 1.00000.0164 1.00000.0170
4921 He I            
4959 [O III] 0.73470.0120 0.69020.0120 0.59800.0103 0.58160.0103
5007 [O III] 2.21190.0341 2.07190.0338 1.79890.0285 1.74910.0285
5876 He I 0.07360.0026 0.06580.0024 0.09680.0028 0.09360.0028
6300 [O I] 0.00690.0035 0.00610.0032 0.01270.0019 0.01230.0019
6312 [S III] 0.00820.0018 0.00720.0017 0.00800.0016 0.00780.0016
6563 H 3.14270.0481 2.74250.0483 2.83710.0443 2.74290.0477
6583 [N II]       0.01580.0023 0.01520.0023
6678 He I 0.02800.0020 0.02420.0018 0.02730.0019 0.02630.0018
6717 [S II] 0.03160.0020 0.02720.0018 0.04280.0021 0.04120.0021
6731 [S II] 0.02400.0021 0.02060.0019 0.02900.0017 0.02790.0017
7065 He I 0.02730.0018 0.02320.0016 0.02490.0016 0.02390.0016
7135 [Ar III] 0.02230.0017 0.01880.0015 0.01960.0015 0.01880.0015
C(H) dex 0.1150.020 0.0150.020
F (H)
a
1.040.01 1.490.01
EW (H)

A 531 1351
EW (abs)

A 3.10.1 3.70.3
a
in units of 10
 14
ergs s
 1
cm
 2
.
20
TABLE 2
Emission Line Intensities in SBS 0335{052
Ion Center
a
0.
00
6SW
b
1.
00
2SW
F ()/F (H) I()/I(H) F ()/F (H) I()/I(H) F ()/F (H) I()/I(H)
3727 [O II] 0.21610.0032 0.25290.0041 0.22670.0037 0.27250.0047 0.25040.0054 0.31110.0070
3750 H12 0.01250.0006 0.01880.0012 0.01110.0009 0.01400.0016 0.01870.0024 0.02940.0048
3770 H11 0.01960.0009 0.02690.0015 0.02170.0013 0.02650.0019 0.03330.0030 0.04720.0051
3798 H10 0.03900.0011 0.04920.0014 0.03570.0013 0.04300.0019 0.04780.0028 0.06460.0047
3835 H9 0.05570.0011 0.06810.0016 0.06060.0015 0.07210.0021 0.06200.0028 0.08070.0045
3868 [Ne III] 0.25400.0038 0.29070.0046 0.25980.0041 0.30430.0050 0.27810.0055 0.33510.0070
3889 He I + H8 0.15680.0024 0.18280.0030 0.16960.0029 0.19860.0037 0.17180.0043 0.21140.0059
3968 [Ne III] + H7 0.20900.0038 0.23940.0046 0.22100.0041 0.25490.0050 0.23200.0055 0.27900.0070
4026 He I 0.01220.0006 0.01360.0007 0.01230.0011 0.01400.0013 0.01750.0023 0.02040.0027
4101 H 0.23500.0035 0.26320.0041 0.24720.0039 0.27850.0046 0.25640.0050 0.29900.0063
4340 H 0.45020.0065 0.48380.0072 0.47220.0070 0.51100.0078 0.47840.0081 0.52780.0093
4363 [O III] 0.10610.0017 0.11290.0018 0.10930.0020 0.11780.0021 0.11150.0029 0.12160.0033
4471 He I 0.03310.0008 0.03480.0008 0.03440.0011 0.03650.0012 0.03420.0021 0.03650.0022
4658 [Fe III] 0.00380.0005 0.00390.0005 0.00330.0008 0.00340.0008      
4686 He II 0.03040.0007 0.03100.0008 0.03790.0011 0.03890.0012 0.04620.0021 0.04750.0022
4713 [Ar IV] + He I 0.01920.0007 0.01950.0007 0.01850.0010 0.01890.0010 0.01820.0018 0.01860.0019
4740 [Ar IV] 0.00940.0005 0.00950.0005 0.00960.0009 0.00980.0009 0.01050.0018 0.01070.0018
4861 H 1.00000.0143 1.00000.0144 1.00000.0145 1.00000.0146 1.00000.0157 1.00000.0159
4921 He I 0.00800.0005 0.00790.0005 0.00700.0009 0.00690.0009 0.01010.0019 0.01000.0019
4959 [O III] 1.10550.0158 1.09010.0157 1.07570.0156 1.06080.0154 1.06640.0167 1.04650.0166
5007 [O III] 3.33870.0475 3.27330.0469 3.17490.0456 3.11020.0449 3.16240.0480 3.07900.0471
5876 He I 0.11840.0018 0.10570.0017 0.11510.0019 0.10120.0017 0.10880.0026 0.09320.0023
6300 [O I] 0.00700.0005 0.00600.0005 0.00700.0010 0.00590.0009 0.00950.0034 0.00770.0028
6312 [S III] 0.00910.0005 0.00780.0004 0.00870.0007 0.00730.0006 0.00870.0012 0.00710.0010
6563 H 3.26410.0465 2.74310.0426 3.33680.0479 2.73450.0428 3.47110.0526 2.73280.0453
6678 He I 0.03230.0007 0.02680.0006 0.03190.0009 0.02590.0007 0.03160.0016 0.02460.0013
6717 [S II] 0.02180.0006 0.01810.0005 0.02300.0009 0.01860.0007 0.02510.0020 0.01940.0015
6731 [S II] 0.02040.0006 0.01690.0005 0.02260.0008 0.01830.0007 0.02310.0017 0.01790.0013
7065 He I 0.04620.0008 0.03730.0007 0.04700.0010 0.03680.0008 0.03990.0016 0.02970.0013
7135 [Ar III] 0.02140.0006 0.01720.0005 0.02130.0007 0.01660.0006 0.02290.0014 0.01700.0011
C(H) dex 0.2250.018 0.2600.019 0.3100.020
F (H)
c
1.860.01 1.100.01 0.410.01
EW (H)

A 1581 1611 2171
EW (abs)

A 0.40.1 0.10.1 0.60.2
2
1
TABLE 2|Continued
Ion 1.
00
8SW 2.
00
4SW 0.
00
6NE
F ()/F (H) I()/I(H) F ()/F (H) I()/I(H) F ()/F (H) I()/I(H)
3727 [O II] 0.23060.0052 0.28240.0067 0.23690.0055 0.29190.0070 0.20870.0034 0.24650.0043
3750 H12 0.02120.0024 0.03230.0047 0.02140.0021 0.02720.0036 0.01140.0011 0.01340.0018
3770 H11 0.02780.0026 0.04010.0047 0.03150.0026 0.03940.0040 0.01680.0010 0.01970.0017
3798 H10 0.03850.0026 0.05260.0045 0.03520.0027 0.04370.0041 0.03880.0013 0.04530.0019
3835 H9 0.06150.0028 0.07970.0045 0.06590.0052 0.08030.0067 0.05890.0015 0.06840.0021
3868 [Ne III] 0.21910.0051 0.26070.0062 0.18530.0049 0.22170.0060 0.25500.0040 0.29430.0049
3889 He I + H8 0.18740.0044 0.22810.0061 0.17330.0045 0.20740.0059 0.15860.0028 0.18250.0035
3968 [Ne III] + H7 0.21370.0051 0.25480.0062 0.19190.0049 0.22600.0060 0.20640.0033 0.23440.0041
4026 He I 0.01800.0023 0.02070.0026 0.01190.0020 0.01390.0023 0.01220.0010 0.01370.0011
4101 H 0.24160.0049 0.27950.0062 0.22070.0049 0.25300.0060 0.22740.0036 0.25290.0042
4340 H 0.46880.0082 0.51430.0093 0.44240.0081 0.48410.0092 0.44840.0067 0.48130.0073
4363 [O III] 0.09930.0029 0.10770.0032 0.07040.0027 0.07660.0030 0.10910.0019 0.11680.0021
4471 He I 0.03290.0021 0.03500.0022 0.03330.0033 0.03560.0036 0.03490.0011 0.03670.0011
4658 [Fe III] 0.00550.0017 0.00560.0018 0.00340.0015 0.00350.0016 0.00420.0009 0.00430.0009
4686 He II 0.03350.0020 0.03440.0020 0.02530.0021 0.02600.0022 0.02610.0010 0.02670.0010
4713 [Ar IV] + He I 0.01540.0018 0.01580.0019 0.00880.0020 0.00900.0020 0.01740.0009 0.01770.0009
4740 [Ar IV]             0.00930.0009 0.00940.0009
4861 H 1.00000.0159 1.00000.0161 1.00000.0164 1.00000.0166 1.00000.0145 1.00000.0146
4921 He I 0.01110.0020 0.01100.0020 0.00970.0022 0.00960.0022 0.00780.0009 0.00780.0009
4959 [O III] 0.93350.0149 0.91670.0148 0.77250.0130 0.76020.0129 1.14140.0165 1.12740.0164
5007 [O III] 2.77240.0425 2.70250.0418 2.30140.0363 2.24780.0356 3.48530.0501 3.42200.0494
5876 He I 0.10750.0027 0.09300.0024 0.10910.0030 0.09430.0026 0.11590.0019 0.10330.0018
6300 [O I]             0.00730.0009 0.00620.0008
6312 [S III]             0.00860.0007 0.00730.0006
6563 H 3.41590.0522 2.72990.0456 3.44670.0539 2.74950.0469 3.28420.0472 2.74410.0430
6678 He I 0.03280.0017 0.02590.0013 0.03360.0020 0.02650.0016 0.03240.0009 0.02680.0007
6717 [S II] 0.03020.0019 0.02370.0016 0.03260.0026 0.02560.0020 0.02410.0009 0.01980.0008
6731 [S II] 0.02570.0016 0.02020.0013 0.02300.0017 0.01800.0014 0.02200.0008 0.01820.0007
7065 He I 0.03410.0016 0.02590.0013 0.03220.0018 0.02440.0014 0.04270.0009 0.03430.0008
7135 [Ar III] 0.02250.0015 0.01700.0011 0.02360.0016 0.01780.0012 0.02170.0007 0.01730.0006
C(H) dex 0.2900.020 0.2950.020 0.2350.019
F (H)
c
0.200.01 0.130.01 1.400.01
EW (H)

A 2571 2862 1891
EW (abs)

A 0.80.3 0.20.4 0.00.1
2
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TABLE 2|Continued
Ion 1.
00
2NE 1.
00
8NE 2.
00
4NE
F ()/F (H) I()/I(H) F ()/F (H) I()/I(H) F ()/F (H) I()/I(H)
3727 [O II] 0.26860.0045 0.33830.0061 0.32130.0064 0.39190.0083 0.35140.0126 0.43460.0160
3750 H12 0.01080.0012 0.02180.0031            
3770 H11 0.02160.0020 0.03480.0036            
3798 H10 0.04050.0015 0.05760.0026 0.03690.0026 0.04430.0042 0.03700.0052 0.04510.0083
3835 H9 0.06110.0018 0.08220.0028 0.06670.0029 0.07960.0045 0.07070.0069 0.08550.0096
3868 [Ne III] 0.26150.0043 0.31870.0056 0.26260.0056 0.31140.0069 0.21540.0101 0.25860.0124
3889 He I + H8 0.17650.0032 0.22080.0044 0.17860.0044 0.21110.0060 0.18750.0097 0.22420.0127
3968 [Ne III] + H7 0.22440.0038 0.27380.0050 0.22640.0048 0.26350.0063 0.22100.0096 0.26000.0125
4026 He I 0.01330.0012 0.01570.0015 0.01920.0024 0.02210.0028      
4101 H 0.24330.0040 0.28730.0050 0.24230.0049 0.27510.0061 0.25340.0103 0.29030.0128
4340 H 0.45980.0070 0.51100.0081 0.48110.0084 0.52360.0095 0.47060.0135 0.51530.0154
4363 [O III] 0.10910.0022 0.11950.0024 0.10090.0030 0.10930.0033 0.08870.0063 0.09670.0069
4471 He I 0.03490.0013 0.03740.0014 0.03170.0020 0.03380.0021 0.03860.0056 0.04130.0060
4658 [Fe III] 0.00500.0009 0.00520.0010 0.00440.0014 0.00460.0015      
4686 He II 0.02420.0011 0.02490.0012 0.02470.0018 0.02540.0019 0.02080.0043 0.02140.0044
4713 [Ar IV] + He I 0.01550.0011 0.01580.0011 0.01230.0017 0.01260.0018      
4740 [Ar IV] 0.00790.0010 0.00810.0010            
4861 H 1.00000.0148 1.00000.0149 1.00000.0159 1.00000.0160 1.00000.0233 1.00000.0235
4921 He I 0.00820.0012 0.00810.0012 0.00980.0022 0.00970.0022 0.01380.0045 0.01360.0045
4959 [O III] 1.12920.0166 1.10620.0164 1.02860.0165 1.01360.0163 0.94990.0224 0.93500.0221
5007 [O III] 3.38620.0492 3.28940.0483 3.06490.0469 2.99870.0461 2.80080.0580 2.73610.0569
5876 He I 0.11140.0020 0.09440.0018 0.10490.0027 0.09140.0024 0.11040.0058 0.09530.0051
6300 [O I] 0.01170.0030 0.00940.0024            
6312 [S III] 0.00700.0008 0.00560.0006            
6563 H 3.54130.0515 2.74400.0437 3.39110.0518 2.73750.0456 3.45280.0707 2.74500.0613
6678 He I 0.03350.0011 0.02560.0009 0.03220.0018 0.02570.0014 0.03310.0043 0.02600.0034
6717 [S II] 0.03300.0017 0.02510.0013 0.03970.0029 0.03150.0023 0.05400.0105 0.04220.0083
6731 [S II] 0.02620.0010 0.01990.0008 0.03190.0018 0.02530.0014 0.03540.0044 0.02770.0035
7065 He I 0.04100.0011 0.03000.0009 0.03770.0018 0.02900.0014 0.03540.0042 0.02670.0032
7135 [Ar III] 0.02730.0010 0.01980.0007 0.02990.0017 0.02280.0013 0.03700.0040 0.02780.0031
C(H) dex 0.3300.019 0.2800.020 0.3000.027
F (H)
c
0.560.01 0.190.01 0.080.01
EW (H)

A 2291 2631 2914
EW (abs)

A 0.80.1 0.00.3 0.00.7
a
0.
00
61
00
aperture centered on the brightest region.
b
0.
00
61
00
aperture centered on the region at the distance 0.
00
6 to the SW from the brightest region.
c
in units of 10
 14
ergs s
 1
cm
 2
.
2
3
TABLE 3
Heavy Element Abundances in I Zw 18
Property NW SE
T
e
(O III)(K) 19,780640 19,060610
T
e
(O II)(K) 15,620470 15,400460
T
e
(S III)(K) 18,120530 17,520500
N
e
(S II)(cm
 3
) 110150 1010
O
+
/H
+
(10
5
) 0.1790.014 0.4030.031
O
++
/H
+
(10
5
) 1.2160.090 1.1060.082
O
+3
/H
+
(10
5
) 0.0700.009 0.0150.004
O/H(10
5
) 1.4650.092 1.5230.088
12 + log(O/H) 7.1660.027 7.1830.025
[O/H]
a
{1.7630.027 {1.7460.025
N
+
/H
+
(10
7
)    1.0740.084
ICF(N)    3.78
log(N/O)    {1.5740.060
[N/O]    {0.6910.060
Ne
++
/H
+
(10
5
) 0.1910.016 0.1830.015
ICF(Ne) 1.20 1.28
log(Ne/O) {0.8030.053 {0.7810.051
[Ne/O] 0.0660.053 0.0880.051
S
+
/H
+
(10
7
) 0.4450.031 0.6510.038
S
++
/H
+
(10
7
) 2.1550.516 2.5460.550
ICF(S) 2.13 1.41
log(S/O) {1.4230.065 {1.5300.063
[S/O] 0.2620.065 0.1550.063
Ar
++
/H
+
(10
7
) 0.5030.043 0.5270.045
Ar
+3
/H
+
(10
7
)      
ICF(Ar) 2.47 1.67
log(Ar/O) {2.0710.036 {2.2390.038
[Ar/O] 0.2990.036 0.1310.038
Fe
++
/H
+
(10
7
)    0.7390.302
ICF(Fe)    4.73
log(Fe/O)    {1.6400.086
[O/Fe]    0.2200.086
a
[X] = logX { logX

. Solar abundances are fromAnders & Grevesse
(1989).
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TABLE 4
Heavy Element Abundances in SBS 0335-052
Property Center 0.
00
6SW 1.
00
2SW 1.
00
8SW 2.
00
4SW 0.
00
6NE 1.
00
2NE 1.
00
8NE 2.
00
4NE
T
e
(O III)(K) 20,290250 21,430300 22,040430 22,180480 20,110510 20,190260 20,940310 20,960430 20,530940
T
e
(O II)(K) 15,770180 16,070200 16,210280 16,240300 15,720360 15,740190 15,950210 15,950300 15,840660
T
e
(S III)(K) 18,540210 19,480250 19,990360 20,110400 18,390420 18,460220 19,080260 19,100360 18,740780
N
e
(S II)(cm
 3
) 500 90 630140 470260 300180 1010 450120 180110 200160 1010
O
+
/H
+
(10
5
) 0.1990.006 0.2060.007 0.2260.011 0.2010.010 0.2200.014 0.1940.007 0.2500.009 0.2900.015 0.3210.035
O
++
/H
+
(10
5
) 1.8250.054 1.5710.051 1.4740.066 1.2770.062 1.2810.074 1.9220.061 1.7300.060 1.5760.075 1.5000.156
O
+3
/H
+
(10
5
) 0.0700.007 0.0800.004 0.0980.008 0.0590.005 0.0440.005 0.0630.004 0.0580.004 0.0550.006 0.0450.012
O/H(10
5
) 2.0950.054 1.8570.052 1.7980.067 1.5360.063 1.5460.076 2.1800.061 2.0380.061 1.9200.076 1.8670.160
12 + log(O/H) 7.3210.011 7.2690.012 7.2550.016 7.1870.018 7.1890.021 7.3380.012 7.3090.013 7.2830.017 7.2710.037
[O/H] {1.6080.011 {1.6600.012 {1.6740.016 {1.7420.018 {1.7400.021 {1.5910.011 {1.6200.013 {1.6460.017 {1.6580.037
Ne
++
/H
+
(10
5
) 0.3270.012 0.3040.012 0.3150.016 0.2420.014 0.2550.017 0.3350.013 0.3350.014 0.3260.018 0.2840.033
ICF(Ne) 1.15 1.18 1.22 1.20 1.21 1.13 1.18 1.22 1.24
log(Ne/O) {0.7470.022 {0.7130.017 {0.6700.032 {0.7230.035 {0.7020.042 {0.7590.024 {0.7130.026 {0.6840.034 {0.7240.073
[Ne/O] 0.1220.022 0.1560.017 0.1990.032 0.1460.035 0.1690.042 0.1100.024 0.1560.026 0.1850.034 0.1450.073
S
+
/H
+
(10
7
) 0.3340.009 0.3460.012 0.3390.022 0.3920.022 0.3980.026 0.3620.012 0.4080.016 0.5160.029 0.6290.088
S
++
/H
+
(10
7
) 2.2200.127 1.8280.158 1.6570.247       2.0970.180 1.4780.173      
ICF(S) 2.53 2.27 2.08       2.66 2.12      
log(S/O) {1.5100.018 {1.5760.024 {1.6360.041       {1.5230.023 {1.7070.031      
[S/O] 0.1750.018 0.1090.024 0.0490.041       0.1620.023 {0.0220.031      
Ar
++
/H
+
(10
7
) 0.4470.013 0.4020.015 0.3960.026 0.3910.027 0.4630.034
Ar
+3
/H
+
(10
7
) 0.7290.044 0.6760.065 0.7050.122       0.4510.016 0.4900.019 0.5640.034 0.7030.082
ICF(Ar) 1.01 1.01 1.01 2.38 2.28 1.01 1.01 2.21 2.06
log(Ar/O) {2.2470.020 {2.2320.030 {2.2070.051 {2.2170.026 {2.1670.030 {2.2640.029 {2.2730.034 {2.1880.025 {2.1100.051
[Ar/O] 0.1230.020 0.1380.030 0.1630.051 0.1530.026 0.2030.030 0.1060.029 0.0970.034 0.1820.025 0.2600.051
Fe
++
/H
+
(10
7
) 0.6490.093 0.5500.133    0.8840.285 0.5990.269 0.7240.150 0.8540.160 0.7510.244   
ICF(Fe) 13.1 11.3    9.57 8.77 14.0 10.2 8.29   
log(Fe/O) {1.3900.021 {1.4770.034    {1.2590.049 {1.4690.069 {1.3320.027 {1.3690.029 {1.4890.052   
[O/Fe] {0.0300.017 0.0570.034    {0.1610.049 0.0490.069 {0.0890.027 {0.0510.029 0.0690.052   
2
5
TABLE 5
Helium Abundance in I Zw 18
Property NW SE
Self-consistent method
T
e
(He
+
) 19,780640 19,060610
N
e
(He
+
) 181 101
(3889) 1.020.31 0.010.01
(4471) 0.008 0.004
He
+
/H
+
(4471) 0.04710.0067 0.07460.0055
(5876) 0.015 0.005
He
+
/H
+
(5876) 0.05570.0021 0.07940.0024
(6678) 0.003 0.002
He
+
/H
+
(6678) 0.07380.0055 0.07960.0056
He
+
/H
+
(weighted mean) 0.05710.0019 0.07890.0021
He
++
/H
+
0.00370.0003 0.00080.0002
ICF(He) 1.000 1.000
He/H(4471) 0.05090.0067 0.07540.0055
He/H(5876) 0.05950.0021 0.08020.0024
He/H(6678) 0.07750.0055 0.08040.0056
He/H(weighted mean) 0.06090.0019 0.07960.0021
Y (4471) 0.16900.0226 0.23160.0175
Y (5876) 0.19210.0070 0.24280.0076
Y (6678) 0.23660.0174 0.24330.0175
Y (weighted mean) 0.19580.0063 0.24140.0065
Y (5876+6678) 0.19810.0065 0.24290.0070
N
e
(He II)=N
e
(S II)
T
e
(He
+
) 19,780640 19,060510
N
e
(He
+
) 110150 1010
(4471) 0.039 0.003
He
+
/H
+
(4471) 0.04570.0069 0.07460.0055
(5876) 0.057 0.005
He
+
/H
+
(5876) 0.05350.0044 0.07940.0025
(6678) 0.017 0.002
He
+
/H
+
(6678) 0.07270.0057 0.07960.0056
He
+
/H
+
(weighted mean) 0.05760.0031 0.07880.0021
He
++
/H
+
0.00370.0003 0.00080.0002
ICF(He) 1.000 1.000
He/H(4471) 0.04950.0069 0.07540.0056
He/H(5876) 0.05730.0044 0.08020.0025
He/H(6678) 0.07650.0057 0.08040.0056
He/H(weighted mean) 0.06140.0031 0.07960.0021
Y (4471) 0.16510.0233 0.23170.0175
Y (5876) 0.18630.0145 0.24290.0077
Y (6678) 0.23420.0180 0.24340.0175
Y (weighted mean) 0.19700.0102 0.24140.0066
26
TABLE 6
Helium Abundance in SBS 0335{052
Property Center 0.
00
6SW 1.
00
2SW 1.
00
8SW 2.
00
4SW 0.
00
6NE 1.
00
2NE 1.
00
8NE 2.
00
4NE
Self-consistent method
T
e
(He
+
) 20,290250 21,430300 22,040430 22,180480 20,110510 20,190260 20,940310 20,960430 20,530940
N
e
(He
+
) 2985 2213 1292 1331 101 2283 792 111 702
(3889) 0.250.07 0.390.10 0.070.06 0.010.01 0.010.01 0.150.06 0.200.07 0.340.15 0.010.01
(4471) 0.108 0.096 0.063 0.007 0.004 0.07440.0023 0.07970.0030 0.07410.0047 0.08830.0129
He
+
/H
+
(4471) 0.06890.0016 0.07360.0024 0.07620.0047 0.07720.0049 0.07780.0053 0.07950.0014 0.07830.0015 0.07900.0021 0.07930.0043
(5876) 0.158 0.138 0.089 0.010 0.006 0.036 0.014 0.002 0.012
He
+
/H
+
(5876) 0.07900.0013 0.07790.0014 0.07550.0019 0.08130.0021 0.08100.0023 0.07960.0022 0.07830.0026 0.07970.0044 0.07930.0104
(6678) 0.046 0.039 0.025 0.003 0.002 0.036 0.014 0.002 0.012
He
+
/H
+
(6678) 0.07910.0018 0.07790.0022 0.07550.0040 0.08130.0042 0.08140.0049 0.07960.0022 0.07830.0026 0.07970.0044 0.07930.0104
He
+
/H
+
(mean) 0.07600.0009 0.07710.0011 0.07560.0016 0.08080.0018 0.08060.0019 0.07850.0010 0.07860.0012 0.07840.0017 0.08010.0038
He
++
/H
+
0.00290.0001 0.00360.0001 0.00440.0002 0.00320.0002 0.00240.0002 0.00250.0001 0.00230.0001 0.00240.0002 0.00200.0004
ICF(He) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
He/H(4471) 0.07180.0016 0.07720.0024 0.08060.0047 0.08040.0049 0.08010.0053 0.07690.0023 0.08200.0030 0.07650.0047 0.09020.0129
He/H(5876) 0.08190.0013 0.08150.0014 0.07990.0019 0.08450.0022 0.08340.0023 0.08200.0014 0.08060.0015 0.08130.0021 0.08130.0043
He/H(6678) 0.08200.0018 0.08150.0022 0.07990.0040 0.08450.0042 0.08380.0049 0.08210.0022 0.08060.0026 0.08200.0044 0.08120.0104
He/H(mean) 0.07890.0009 0.08070.0011 0.08000.0016 0.08400.0018 0.08300.0019 0.08090.0011 0.08090.0012 0.08080.0018 0.08210.0038
Y (4471) 0.22300.0051 0.23590.0076 0.24380.0146 0.24320.0152 0.24270.0166 0.23510.0071 0.24690.0092 0.23420.0148 0.26510.0392
Y (5876) 0.24660.0040 0.24580.0043 0.24220.0059 0.25260.0066 0.25000.0071 0.24690.0044 0.24380.0047 0.24530.0065 0.24540.0135
Y (6678) 0.24680.0056 0.24570.0070 0.24210.0125 0.25260.0130 0.25090.0150 0.24710.0068 0.24370.0082 0.24700.0137 0.24520.0323
Y (mean) 0.23970.0028 0.24390.0033 0.24230.0050 0.25130.0055 0.24920.0060 0.24440.0033 0.24410.0037 0.24410.0055 0.24710.0119
Y (5876+6678) 0.24670.0033 0.24580.0037 0.24220.0054 0.25260.0059 0.25020.0064 0.24710.0037 0.24380.0041 0.24570.0059 0.24510.0124
N
e
(He II)=N
e
(S II)
T
e
(He
+
) 20,290250 21,430300 22,040430 22,180480 20,110510 20,190260 20,940310 20,960430 20,530940
N
e
(He
+
) 50090 630140 470260 300180 1010 450120 180110 200160 1010
(4471) 0.167 0.231 0.197 0.139 0.004 0.151 0.074 0.081 0.004
He
+
/H
+
(4471) 0.06540.0021 0.06560.0031 0.06770.0065 0.06820.0061 0.07780.0053 0.07010.0030 0.07680.0041 0.06900.0058 0.09040.0132
(5876) 0.244 0.329 0.278 0.196 0.006 0.220 0.106 0.116 0.006
He
+
/H
+
(5876) 0.07360.0025 0.06680.0032 0.06430.0065 0.06870.0061 0.08100.0023 0.07320.0032 0.07440.0043 0.07140.0058 0.08220.0045
(6678) 0.071 0.093 0.078 0.054 0.002 0.065 0.030 0.033 0.002
He
+
/H
+
(6678) 0.07720.0019 0.07400.0024 0.07180.0045 0.07730.0045 0.08140.0049 0.07750.0024 0.07710.0029 0.07730.0047 0.08010.0105
He
+
/H
+
(mean) 0.07220.0012 0.06970.0016 0.06900.0032 0.07270.0031 0.08060.0020 0.07420.0016 0.07640.0021 0.07330.0031 0.08260.0039
He
++
/H
+
0.00290.0001 0.00360.0001 0.00440.0002 0.00320.0002 0.00240.0002 0.00250.0001 0.00230.0001 0.00240.0002 0.00200.0004
ICF(He) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
He/H(4471) 0.06830.0021 0.06920.0031 0.07210.0065 0.07140.0061 0.08010.0053 0.07250.0030 0.07910.0041 0.07130.0058 0.09240.0132
He/H(5876) 0.07640.0025 0.07040.0032 0.06880.0065 0.07190.0061 0.08340.0023 0.07560.0032 0.07670.0043 0.07370.0058 0.08410.0045
He/H(6678) 0.08010.0019 0.07760.0024 0.07620.0045 0.08050.0045 0.08380.0049 0.07990.0024 0.07940.0029 0.07960.0047 0.08210.0105
He/H(mean) 0.07510.0012 0.07330.0016 0.07340.0032 0.07590.0031 0.08300.0020 0.07680.0016 0.07870.0021 0.07560.0031 0.08460.0040
Y (4471) 0.21440.0066 0.21660.0099 0.22380.0208 0.22210.0194 0.24270.0166 0.22480.0094 0.24030.0129 0.22190.0185 0.26980.0400
Y (5876) 0.23400.0077 0.21950.0102 0.21560.0209 0.22320.0193 0.25010.0072 0.23210.0101 0.23460.0134 0.22770.0184 0.25170.0139
Y (6678) 0.24250.0060 0.23680.0076 0.23350.0141 0.24360.0140 0.25090.0150 0.24220.0074 0.24090.0091 0.24150.0146 0.24700.0325
Y (mean) 0.23080.0039 0.22680.0052 0.22690.0102 0.23280.0098 0.24920.0061 0.23470.0050 0.23930.0065 0.23220.0097 0.25270.0122
2
7
TABLE 7
Weighted Mean Helium Mass Fraction Y
Property SBS 0335{052 SBS 0335{052
+ I Zw 18 SE
Self-consistent method
He I 4471 0.23330.0031 0.23320.0030
He I 5876 0.24620.0018 0.24600.0017
He I 6678 0.24640.0030 0.24640.0029
All He I lines 0.24370.0014 0.24360.0013
He I 5876 + He I 6678 0.24630.0015 0.24620.0015
N
e
(He II)=N
e
(S II)
He I 4471 0.22230.0040 0.22280.0039
He I 5876 0.23610.0037 0.23740.0033
He I 6678 0.24120.0032 0.24130.0032
All He I lines 0.23440.0021 0.23510.0020
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